In this work, an effective quantum model based on the non-equilibrium Green's function formalism is used to investigate a selectively contacted high density quantum dot array in an wide band gap host matrix for operation as a quantum dot-enhanced single junction solar cell. By establishing a direct relation between nanostructure configuration and optoelectronic properties, the investigation reveals the influence of inter-dot and dot-contact coupling strength on the radiative rates and consequently on the ultimate performance of photovoltaic devices with finite quantum dot arrays as the active medium. The dominant effects originate in the dependence of the Joint Density of States on the inter-dot coupling in terms of band width and effective band gap.
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In this work, an effective quantum model based on the non-equilibrium Green's function formalism is used to investigate a selectively contacted high density quantum dot array in an wide band gap host matrix for operation as a quantum dot-enhanced single junction solar cell. By establishing a direct relation between nanostructure configuration and optoelectronic properties, the investigation reveals the influence of inter-dot and dot-contact coupling strength on the radiative rates and consequently on the ultimate performance of photovoltaic devices with finite quantum dot arrays as the active medium. The dominant effects originate in the dependence of the Joint Density of States on the inter-dot coupling in terms of band width and effective band gap.
In a large variety of concepts for next generation solar cells, nanostructures like quantum wells, wires or dots provide the specific physical properties required to reach beyond current efficiency limitations [1] [2] [3] . Among these nanostructures, quantum dots (QD) are of special interest due to their largely tunable optoelectronic characteristics, and QD structures thus represent promising candidates for the implementation of novel high efficiency solar cell concepts 4, 5 . However, to enable exploitation of the design degrees of freedom provided, the complex relation between structural configuration parameters and device characteristics requires thorough investigation. In conventional macroscopic modeling approaches, this connection is provided only indirectly via macroscopic material parameters such as absorption coefficient, mobility and lifetime of charge carriers 6 . For a direct, consistent and comprehensive assessment of configuration related photovoltaic performance, both interband dynamics and transport of charge carriers need to be described in a unified microscopic picture, like the one provided by the nonequilibrium Green's function (NEGF) formalism 7 . Since a fully microscopic treatment of extended systems of coupled QD comes with a huge computational cost, application of multi-scale approaches is indicated, such as the mesoscopic QD orbital tight-binding model introduced in Ref. 8. Here, this model is used in a simplified version, with restriction to a single orbital per band, phenomenological nearest-neighbor hopping parameters and flat band conditions. These simplifications assure maximum transparency in the analysis of the photovoltaic mechanisms in the QD arrays considered. In this way, clear relations can be established between configuration dependent properties on one side, such as the finite system size, the coupling between QD and the presence and nature of contacts, and the photovoltaic performance on the other side. With the above simplifications, the phenomenological Hamiltonian of the device shown schematically in Fig. 1 reads for a given carrier species b ∈ {c, v}: where N QD is the number of dots, t b is the inter-dot coupling,n b ≡d † bd b is the carrier density operator and ε b is the QD energy level. This Hamiltonian is used in the equations for the steady state charge carrier NEGF, which read for a given band and energy E:
where rier extraction and injection at the electrodes:
where B ∈ {L, R}, f is the Fermi-Dirac distribution function, µ B is the chemical potential of the contact considered , and the broadening function Γ B is related to the coupling parameter V B and the density of states (DOS) ρ B of the electrode through Γ B (E) = V 2 B ρ B (E). In the following, a bulk-like DOS is assumed for the contact states. In order to achieve the carrier selectivity required for charge separation and current rectification in the absence of a built-in potential, the contact couplings are set to zero at the minority carrier boundaries, which are chosen at the left electrode for electrons and at the right electrode for holes (see also Fig. 1 ).
At this level, the formalism provides the electronic structure of the non-interacting system under arbitrary non-equilibrium conditions, e.g., via the local density of charge carrier states Figure  2 displays the LDOS for an array of 20 coupled QD together with the total DOS obtained from summing the individual QD contributions. In contrast to standard simulations of QD-based solar cells, where extended QD superlattices are modeled using periodic boundary conditions 10, 11 , discrete states can still be distinguished in the total DOS. On the other hand, the main effect of the presence of a contact is the broadening of the LDOS, especially in the vicinity of the electrode, where the band width is strongly increased from the limiting value of ∼ 4t b of the infinite single orbital tight-binding (TB) chain, which is nearly recovered in arrays with as few as 20 QD. The energy integration of the total DOS yields N QD , in agreement with the associated sum rule.
The SE terms Σ ·I include the interactions relevant for the photovoltaic device operation, i.e., coupling to photons, phonons and to other charge carriers (not considered in this work). For the coupling of charge carriers to electromagnetic fields, stimulated and spontaneous processes need to be distinguished. Since photovoltaic devices are operated above room temperature, thermal broadening is considered via the physical line-shape provided by quasi-elastic coupling to phonons.
Photogeneration and stimulated emission induced by incident radiation is described via the SE for the interaction with a classical field with vector potential A,
with ω the photon energy, η ∈ {x, y, z} the polarization component and the coupling matrix elements M (AC) A of the QD array via the absorption coefficient α( ω) = ρ QD A( ω), where ρ QD is the QD density. The AC itself is computed based on the electronic structure from the net spectral absorption rate and the incident photon flux via
and Φ γ 0η ( ω) = 2n r c 0 ε 0 −1 ω|A η (R 0 , ω)| 2 , where a background refractive index n r is assumed. This yields the following expression for the AC in terms of the photon SE Π
Expression (8) considers the net absorptance, i.e., including stimulated emission, by the definition of
, where the electron-hole polarization function elements are
, and which is hence related to the spectral function P /2π of occupied electron-hole pairs 13 . At global quasi-equilibrium conditions and far away from degeneracy, band filling effects can be neglected, and the spectral function is proportional to the Joint Density of States (JDOS) of the system, which in turn can be written in terms of the spectral functions of the individual charge carriers as follows: Figure 3 shows the JDOS for a system of 20 coupled and selectively contacted QD (solid line), together with the JDOS for the infinite 1D TB chain (dotted line). While the band width of the finite system is almost identical to that of the infinite chain, the spectral distribution of the JDOS differs considerably, from clearly distinguishable contributions of individual dots to a smooth continuum.
The spectral response (SR) of the system can be obtained directly from the evaluation for a given monochromatic illumination of the general NEGF expression I > . The total current I tot = I e + I h can be compared to the photocurrent as given by the absorptance and the photon flux via the spectral current relation
The collection efficiency for the photogenerated charge carriers is then given by the ratio η coll = I tot /I A . In the situation displayed in Fig. 3 (empty dots) , the total photocurrent is directly proportional to the JDOS, which is explained by the use of constant momentum matrix elements, the absence of bleaching effects and unit extraction efficiency.
At the radiative limit, the dark current-voltage characteristics of the selectively contacted QD array solar cell is determined by the current due to radiative recombination of charge carriers injected at the contacts. For the description of the associated spontaneous emission process, consideration of the photon Green's function of the entire system is required to include all the optical modes with finite coupling. Under the assumption of an optically homogeneous medium, use of the free field photon propagator results in the SE whereM are the polarization-averaged coupling elements. In terms of the photon SE, the polarizationaveraged spectral emission rate of the QD array acquires the formR
which is obtained by using Σ eγ−sp in the expression for the emission rate in analogy to Eq. (7). For valid assumption of a global quasi-equilibrium, the Kubo-MartinSchwinger relation between the components of the polarization function 16, 17 , P < ( ω) = P > ( ω)e −β( ω−µcv) , with β = (k B T ) −1 and µ cv = µ c − µ v the quasi-Fermi level splitting (QFLS), can be used in Expr. (8) and (11) to derivation the Generalized Planck law 18 via the connection
To obtain the QFLS, the individual QFL µ c and µ v of electrons and holes in conduction and valence bands need to be determined. They can be defined via the carrier density and the spectral functionĜ ≡ −2 G R under the assumption of local quasi-equilibrium conditions, in which the fluctuation-dissipation theorem provides the relations
]. An energy independent value of the QFL is extracted from the density determined via energy integration of G ≶ . Figure  4 shows the comparison of the electroluminescence spectra as obtained from the NEGF via the above formalism for the 20 QD system at V bias = 1.1 V (empty dots) with the Generalized Planck emission for AC determined either via NEGF for the same finite system (solid line) or for the infinite TB chain (dotted line). The effective emission edge of the 20 QDs cell is close to the one of the infinite 1D TB model, as expected from the convergence of the spectral width of the JDOS seen in Fig. 3 . The linear increase of the QFLS with V bias results in an exponential growth of the emission rate (inset of Fig. 4) .
On the basis of this general analysis, the specific impact of the dot-contact and inter-dot coupling on the density of states, spectral response and radiative recombination characteristics can now be discussed. Figure 5 the electrode self-energy has no real part, the magnitude of V cR only affects this broadening, but does not induce any shift in the resonance peaks. As can be inferred from Fig. 5(b) , the inter-dot coupling acts on the LDOS mainly via the direct relation to the miniband width. In Fig.  6(a) , the spread in energy of the individual dot contributions is determined by the contact induced broadening. The width of the JDOS is determined by the inter-dot coupling in analogy to the DOS of the individual bands and converges with increasing number of dots to that of the single orbital TB chain (dashed lines). Figure 7 (a) and (b) show the impact of contact and inter-dot coupling strength on the levels of radiative dark current generation. Since the effective gap is not directly affected by the contact coupling, there is only a slight increase of the dark current with stronger contact hybridization due to the induced smearing of the emission edge, as displayed in Fig. 7(a) . On the other hand, Fig. 7 (b) reveals the exponential increase of the recombination with inter-dot coupling strength due to the linear decrease of effective band gap ε ef f cv = ε 0 cv − 2(t c + t v ), i.e., of the energy of the dominant contribution to the overall emission process.
In conclusion, we used a customized NEGF simulation framework to provide a direct relation between the local nanostructure configuration and the global photovoltaic device performance of a finite and selectively contacted QD array. The dominant effects result from the dependence of the JDOS on inter-dot coupling and system size in terms of spectral shape, band-width and effective gap. The analysis can be extended to more complex descriptions of the local electronic structure and to any kind of disorder affecting the charge carrier transport and hence the extraction efficiency.
